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We study the possibility of counteracting the line-broadening of atomic magnetic resonances due
to inhomogeneities of the static magnetic field by means of spatially dependent magnetic dressing,
driven by an alternating field that oscillates much faster than the Larmor precession frequency. We
demonstrate that an intrinsic resonance linewidth of 25 Hz that has been broadened up to hundreds
Hz by a magnetic field gradient, can be recovered by the application of an appropriate inhomogeneous
dressing field. The findings of our experiments may have immediate and important implications,
because they enable the use of atomic magnetometers as robust, high sensitivity sensors to detect
in situ the signal from ultra-low-field NMR imaging setups.
I. INTRODUCTION
We propose a method denominated Inhomogeneous
Dressing Enhancement of Atomic resonance (IDEA)
aimed at rendering optical atomic magnetometers suit-
able to work in an inhomogeneous magnetic field, such
as those applied in ultra-low-field (ULF) NMR imaging.
The method is based on dressing atoms by means of a
strong magnetic field that oscillates transversely with re-
spect to the (inhomogeneous) bias field around which
they are precessing, at a frequency much larger than the
local Larmor frequencies.
The magnetic dressing of precessing spins with a har-
monic high frequency field was the subject of studies in
the late Sixties, when a model based was developed on
a quantum mechanical approach [1]. In the last decades
magnetic dressing was studied and applied in a variety
of works dealing with exquisite quantum experiments [2],
development of atomic clocks [3], manipulation and con-
trol of Bose-Einstein condensates [4, 5], ultra-cold colli-
sions [6], etc. Recently, we re-examined this kind of sys-
tem in the case of an arbitrary periodic dressing [7], mak-
ing use of a perturbative approach based on the Magnus
expansion [8] of the time-evolution operator. An inter-
esting application of magnetic dressing was also studied
very recently, in an experiment where critical dressing
(matching the effective Larmor frequencies of different
species) was applied to improve the sensitivity to small
frequency shifts between two dressed species [9].
Magnetic resonance imaging (MRI) at ULF is an
emerging method that uses high sensitivity detectors to
measure the spatially encoded precession of pre-polarized
nuclear spin ensembles in a microTesla- field [10].
Much like in conventional (high field) MRI, the spa-
tial resolution can be achieved with parallelized mea-
surements based on both frequency and phase encoding:
a static inhomogeneity in the main field modulus causes
∗
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the nuclear spin to precess at different frequencies depen-
dent upon one co-ordinate (frequency encoding), while
different initial conditions –imposed by pulsed gradients
applied prior to the data acquisition– enable phase en-
coding, which is used to infer information for the two
remaining co-ordinates.
Besides the obvious, dramatic reduction of the preces-
sion frequency, the ULF regime comes with other fea-
tures [11] making opportune a general revision of the
standardly applied MRI methodologies. In particular,
the ULF regime enables the use of different approaches
and techniques for spin manipulation. An important dif-
ference is in the fact that in the ULF it is possible to
apply a (dressing) magnetic field that is much stronger
than the static one and oscillates at a frequency much
higher than the precession frequency. We use this pecu-
liarity to develop a method that restores the functionality
of an optical atomic magnetometer (OAM) detector and
makes it suited for operating in the presence of the field
gradient applied for frequency encoding.
As alternative (non-inductive) detectors, sensors with
extremely high sensitivity can be selected among super-
conducting quantum interference devices (SQUIDs) and
OAMs. These advanced sensors respond adequately to
the low frequency signals characterizing the ULF regime,
and may achieve sensitivities at fT/
√
Hz level, render-
ing them state-of-the-art magnetometric sensors in MRI,
as well as in other applications requiring extreme perfor-
mance.
The feasibility of the ULF-MRI approach has been
demonstrated with both this kinds of these non-inductive
sensors [10, 12]. ULF MRI is compatible with the pres-
ence of other delicate instrumentation and the magnetic
detectors can be used to record low-frequency magnetic
signals originating from sources other than nuclear spins.
In particular, hybrid instrumentation enabling multi-
modal MRI and magnetoencephalography measurements
has been proposed and implemented [13].
Compared to conventional MRI, ULF operation brings
some relevant advantages. The ultimate spatial resolu-
tion of MRI is determined by the NMR linewidth, which
2in turn depends on the absolute field inhomogeneity. A
modest relative homogeneity at ULF turns out to be ex-
cellent on the absolute scale: very narrow NMR lines with
high signal-to-noise ratio can be recorded at ULF with
apparatuses that are relatively simple from the point of
view of field generation [11, 14–17]. The encoding gradi-
ents for ULF MRI can also be generated by simple and
inexpensive coil systems [18, 19]. Further important ad-
vantages of the ULF regime in MRI include the minimiza-
tion of susceptibility artifacts [20] and the possibility of
imaging in the presence of conductive materials [16, 21].
The sample-sensor coupling factor is a key feature, as
in any NMR setup, and in the case of SQUID detectors
the need for a cryostat may pose limitations. The latter
issue makes the alternative choice of OAM detection at-
tractive, together with the much lower maintenance costs
and the robustness of the OAM setups.
The OAM detection of NMR signals is based on prob-
ing the time evolution of optically pumped atoms that
are magnetically coupled to the sample. In contrast to
other solutions proposed, making use of flux transformers
[22, 23] and remote detection techniques [24] for ex-situ
measurements, here we consider the case of atoms pre-
cessing in a static field that is superimposed upon a small
term generated by nuclear spins precessing at a much
lower rate. In this kind of in-situ MRI setup with OAM
detection, the static field gradient applied to the sam-
ple for frequency encoding would also affect the atomic
precession, with severe degradation of the OAM perfor-
mance, unless a gradient discontinuity was introduced
between the sample and sensor locations, with the need
for coil geometries to hinder sample-sensor coupling.
We conceive, test and describe an approach allow-
ing for the recording of narrow atomic resonances in
spite of the presence of significant field inhomogeneity.
The IDEA method is based on counteracting the atomic
frequency spread caused by a defined field gradient by
means of a spatially-dependent dressing of the atomic
sample. Using this scheme in a MRI setup, the static
and the (alternating) dressing fields inhomogeneously af-
fect both the nuclear sample and the atomic sensor. How-
ever, marked selectivity occurs, because the effect of the
dressing field depends on the gyromagnetic factor, so that
the nuclear precession is substantially unaffected.
The paper is organized as follows: in the first section
(“Experimental setup”) we summarize the features of our
atomic magnetometer and we discuss the effects of mag-
netic field inhomogeneities on the evolution of the atomic
sample that constitutes the core of its sensor. The second
section (“Method”) presents the effects of a dressing field
on the precession of the magnetized atoms, and the possi-
bilities of using inhomogeneous dressing field to counter-
act the resonance broadening caused by static field gra-
dients. The achievements in restoring the linewidth of
the atomic magnetic resonance are presented in the next
section (“Results”), which shows how a high-sensitivity
operation of the magnetometer is possible in spite of the
presence of large static field inhomogeneity. The last sec-
tion (“Application to MRI”) is devoted to show how the
IDEA method renders the magnetometer suited to detect
MRI signals, i.e. let the magnetometer operate in a static
field affected by the large inhomogeneity needed to ex-
tract spatial information from the nuclear spectra. Here,
the applicability of the IDEA method to ULF-MRI –at a
proof-of-principle level– is demonstrated with an unidi-
mensional reconstruction of a water sample. A conclusive
part summarizes the main achievements and briefly dis-
cusses the potentialities of IDEA in ULF-MRI.
II. EXPERIMENTAL SETUP
The experimental setup (see Fig.1) is built around an
OAM operating in a Bell & Bloom configuration, de-
scribed in detail in Ref.[25].
Figure 1. Simplified schematics of the magnetometer and of
the field arrangement (L1 - pump laser; L2 probe laser; Cs -
Cesium cell; F - interference filter stopping the pump radia-
tion; P - balanced polarimeter). The optical axis of the sensor
is x. A static magnetic field – oriented in z direction – with
the main component dependent on the x co-ordinate due to a
static quadrupolar term, producing a gradient G = ∂Bz/∂x.
The concomitant ∂Bx/∂z term has no first order effects on the
atomic precession (the presence of a small x component of the
field, amounting at (∂Bx/∂z)∆z ≪ Bz over the beam radius
∆z, has only second-order effects, as also discussed in the Ap-
pendix, Eq.A2). An electromagnetic dipole D oriented along
x produces an oscillating (dressing) magnetic field BD at a
frequency well above the Larmor frequency, oriented along x,
the strength of which decreases along that direction.
Briefly, the OAM uses Cs vapor optically pumped into
a stretched (maximally oriented) state by means of laser
radiation at the milli-Watt level. This pump radiation
is circularly polarized and tuned to the Cs D1 line. The
time evolution of the atomic state is probed by a co-
propagating weak (micro-Watt level) and linearly polar-
ized beam, tuned to the proximity of the D2 line. A
transverse magnetic field B0 causes a precession of the in-
duced magnetization. The magnetization decay is coun-
teracted via synchronous optical pumping, which is ob-
tained by modulating the pump laser wavelength at a
frequency ωM/2π, which is resonant with the Larmor
frequency ΩL/2π. Scanning ωM around ΩL makes it
possible to characterize the resonance profile. In oper-
ative conditions, a resonance width of about Γ = 25 Hz
3HWHM is measured.
The precession causes a time-dependent Faraday ro-
tation of the probe radiation. This Faraday rotation
is driven to oscillate at ωM (forcing term), to which it
responds with a phase ϕ(t) depending on the detuning
δ = ωM −ΩL = ωM − γB (γ is the gyromagnetic factor)
so as to evolve in accordance with the magnetic field B.
Following interaction with the vapour, the pump radia-
tion is stopped by an interference filter, and the magnetic
field and its variation are extracted from the Faraday ro-
tation of the probe beam, as measured by a balanced
polarimeter. The sensor, without any passive shielding,
operates in a homogeneous B0 field, which is obtained
by partially compensating the environmental field and is
oriented along the z axis. B0 has a typical strength of
4µT, giving TL = 2π/ΩL ≈ 71µs.
The atomic vapor (Cs) is contained in a sealed cell
with 23 Torr N2 as a buffer gas, determining a diffusion
coefficient D=3.23 cm2/s [26], which in a precession pe-
riod causes transverse displacements δ = (2DTL/3)
1/2 ≈
0.12 mm. The laser beam is Φ ≈ 1 cm in diameter, and
the condition Φ≫ δ enables gradiometric measurements
with a base-line of about 5 mm by analyzing the probe
spot in two halves [25].
Any increase in the resonance width has detrimental
effects on magnetometric sensitivity, rendering it of pri-
mary importance to counteract any broadening mecha-
nism. The equation of motion of the magnetization is
d ~M = −
(
γ ~B × ~M +D∇2 ~M + Γ ~M
)
dt. (1)
In the case of an inhomogeneous field, the first term
in parenthesis is position-dependent and leads to line
broadening unless the second (diffusion) term is large
enough to make all the atoms behave as if they were
precessing around an average field. Indeed, operating
with low-pressure cells (i.e. a large D coefficient) may
help to counteract gradient-induced resonance broaden-
ing, thanks to the so-called motional narrowing (MN)
phenomenon [27, 28]. The MN requires anti-relaxation
coating to prevent an increase of the third term in paren-
thesis due to atom-wall collisions. In the MN regime, the
linewidth quadratically depends on the field inhomogene-
ity, so that MN is only effective with adequately weak
gradients. As an example (see Eq. 62 in ref [27]) using
a vacuum cell 2 cm in size, MN would maintain a width
below Γ only for G < 2 nT/cm. We consider the op-
posite case, in which the presence of buffer gas makes
the diffusion coefficient quite small. With this limit, be-
sides achieving a local response (with the sub-millimetric
δ mentioned above), non-broadened local resonances are
obtained, provided that the frequency variation caused
by diffusion displacement in a precession period TL is
negligible with respect to the intrinsic width Γ, i.e. un-
der the condition G≪ (√3Γ)/(γδ) ≈ 1µT/cm, which is
much less stringent than that for the MN.
III. METHOD
This section describes the implementation and the
principle of operation of the IDEA method. The main
goal of this work is to counteract the sensitivity degra-
dation of an OAM using a buffered sensor cell in the
high-pressure regime, which is placed in a strong linear
(quadrupole) magnetic field gradient such as that used
for MRI frequency encoding [29].
The method is based on magnetically dressing atoms
whose angular momentum is precessing in a static
field. This dressing consists in applying a strong time-
dependent field that is oriented perpendicularly to the
static field and oscillates at a frequency well above the
Larmor frequency. Under these conditions, the two mo-
mentum components perpendicular to the dressing field
evolve in a rather complicated manner, under its direct
and time-dependent effect, while the component along
the dressing field is not directly coupled and keeps oscil-
lating harmonically, but at an effective Larmor frequency
ΩD < ΩL. To this end, a transverse oscillating field BD,
with inhomogeneity along the x direction, is applied by
means of a dipole D oriented along x (as represented in
Fig.1). Its concomitant gradients produce both trans-
verse (y) and longitudinal (z) oscillating components in
the off-axis interaction region. However, these spurious
terms have negligible effects.
Fig.1 represents the arrangement for dc (bias, Bz) and
ac (dressing, BD) field application. The coils for static
field and field gradient control are not represented, and
the schematics of the optical part are also simplified. Bz
is oriented along z and its gradient G = ∂Bz/∂x is set by
permanent magnets arranged in a quadrupolar configu-
ration. Thus, the Larmor frequency set by Bz is position-
dependent along the optical axis x.
The dipolar field BD is produced by a solenoid wound
around a ferrite nucleus to generate BD oriented along
x, with an amplitude decreasing in that direction. The
ferrite nucleus has a hollow-cylinder shape, which permits
precise alignment without hindering the propagation of
the laser beams.
The dressing field BD oscillates harmonically and has
an axial component
BD(x, t) =
µ0
2π
m(t)
(x0 + x)3
= BD0(x) cos(ωt), (2)
where µ0 is the vacuum permittivity, m(t) = m0 cos(ωt)
is the oscillating dipole momentum, x0 is the position of
the sensor with respect to the dipole along its axis and
x is the displacement from the sensor center. A time-
dependent current oscillating at ω ≫ γBz(x) = ΩL(x)
induces a magnetic dipole with adjustable intensity. The
ferrite and the use of a resonant circuit help to produce
a strong oscillating field (several µT, in our case).
The field BD alters the time evolution of the atomic
magnetization in such way as to make its x component
oscillate harmonically at a dressed (reduced) angular fre-
quency with respect to its unperturbed precession around
4the static field [7]:
ΩD(x) = Ω(x)J0 (γBD0(x)/ω) , (3)
where Ji(z) is the i-th Bessel function of the first kind.
The spatially-dependent dressing can compensate the
Bz inhomogeneity in a first order approximation. In fact,
being Bz ≈ B0 +Gx,
ΩD(x) = ΩD(0) + Ω
′
D(0)x+
1
2
Ω′′D(0)x
2 +O(x3) =
= γB0J0(α) + γ
[
3B0αJ1(α) +Gx0J0(α)
] x
x0
− 3αγ
2
[
(B0 − 2Gx0)J1(α) + 3αB0J0(α)
] ( x
x0
)2
+O((x/x0)
3)
where α = (µ0/2π)(γm0)/(ωx
3
0), and the condition for
compensating the gradient G is thus
G = −3B0
x0
αJ1(α)
J0(α)
, (4)
which, for values α of experimental interest (up to α ≈ 1),
results in G values up to 1.7(B0/x0).
Under compensated conditions (Eq.4), in the second
order approximation the angular frequency has the ex-
pression
ΩD(x) ≃ γB0
[
J0 − β
(
x
x0
)2]
(5)
with β = (3α/2J0)
(
J0J1 + 6αJ
2
1 + 3αJ
2
0
)
, and Ji =
Ji(α).
It is worth noting that β is non-null for any α, mean-
ing that a Helmholtz condition (zeroed quadratic term)
would require the application of a secondary –weaker–
oscillating dipole placed at an opportune, smaller dis-
tance on the opposite side of the cell. The relevance of
the higher order terms neglected in the Taylor expan-
sions reported above may depend on the specification of
the dipole (larger second-order terms with the same first-
order dressing inhomogeneity would be obtained using a
weak, closely located dipole rather than a stronger but
more distant one. Further considerations could be made
on the importance of quadrupolar and higher order terms
in multipolar expansion of the dressing field source. We
will provide below (see Fig.3) an experimental proof that
in our case the neglected, higher-order terms play a role,
but do not constitute a substantial problem.
IV. RESULTS
In this section we present the effects of IDEA on the
atomic precession, and we demonstrate its efficiency in
recovering narrow atomic magnetic resonance linewidth
and the consequent OAM sensitivity. We present in
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Figure 2. Atomic magnetic resonance (power spectrum
PS) under different conditions. The plot (#) shows the un-
perturbed resonance; ( ) in the presence of a static mag-
netic field gradient; () is obtained with no static gradient,
but in the presence of a strong, transverse, inhomogeneous
field which oscillates much faster than the Larmor precession
(ω = 2pi32 kHz). This dressing field (amplitude of about
2.4 µT) produces a resonance shift that broadens the reso-
nance due to its inhomogeneity (600 nT/cm). With oppor-
tune amplitude and frequency values of the dressing field, the
two broadening mechanisms compensate each other, and a
shifted but narrow resonance can recorded, as shown in the
plot ().
Fig.2 a set of spectra obtained under four different con-
ditions, namely in the presence of: a static gradient; the
same gradient and appropriate dressing compensation;
the same dressing, having removed the static gradient;
and with the static homogenous field alone. The plot
(#) in Fig.2 shows the power spectrum (PS) of the un-
perturbed resonance in the absence of the gradient and
dressing field and under optimal operating conditions.
At B0=4 µT the magnetic resonance amplitude shows a
peak at about 14 kHz with a half-width-half-maximum
of Γ ≈25 Hz. When a quadrupolar magnetic gradient
G = ∂Bz/∂x = 40 nT/cm is introduced, the resonance
gets broader as shown in the plot ( ) in Fig.2.
In the same figure, the plot () is obtained in the pres-
ence of a strong transverse inhomogeneous field that os-
cillates much faster than the Larmor precession (ω =
2π32 kHz) and in the absence of the static gradient. The
dressing field BD has an amplitude of about 2.4 µT: it
shifts the resonance, and –due to the inhomogeneity–
broadens it, as well. Under appropriate conditions
(Eq.4), the two broadening mechanisms compensate each
other to the first order, and a shifted but narrow reso-
nance can be recorded, as shown in plot (2). The solid
lines are Lorentzian best fits in the cases of narrow reso-
nances (no gradient and dressing-compensated gradient)
and eye-guiding interpolations for the two broadened pro-
files, respectively.
5When increasing the values of G, the second order
term in Eq.5 becomes progressively more important, and
the dressing optimization cannot fully restore the origi-
nal linewidths. Fig.3 shows the resonance profiles (un-
der the condition Eq.4) for different values of G. For the
larger values of G (and consequently stronger dressing),
the non-linear term of Eq.5 causes a deformation of the
resonance profile, with the left wing slightly exceeding the
Lorentzian values. However, even at very large G values
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Figure 3. Resonance profile (power spectrum PS) under
suppressed-broadening conditions, for different values of G.
The dots are the amplitudes measured and the lines are best
fits targeted to a Lorentzian profile. A progressive shift to-
wards lower frequencies occurs, consistently with Eq.3. Si-
multaneously, the profile width increases slightly. Above
100 nT/cm, some deviations from the Lorentzian model,
due to the higher order terms (Eq.5), appear as an increase
in the low-frequency wing. The leftmost plot (recorded at
140 nT/cm) would appear as a 1 kHz broadened resonance in
the absence of the dressing field.
and correspondingly large dressing field, the line broad-
ening is compensated to an excellent level, meaning that
the higher order terms keep playing a substantially neg-
ligible role: with G=80 nT/cm a 34 Hz line-width (8 Hz
broadening) is achieved, compared with the 560 Hz that
would be observed without the dressing field.
V. APPLICATION TO MRI
This section demonstrates the effectiveness of the
IDEA method in restoring the OAM performance, show-
ing that –in spite of the gradient applied in an ULF-MRI
setup– the OAM recovers its original sensitivity and can
be profitably used to detect the MRI signal. We tested
the IDEA in a preliminary MRI experiment using re-
motely polarized protons in tap water, adopting the setup
described in Refs.[30, 31]. Water protons contained in a
4 ml cartridge (pictured in the upper part of Fig.6) were
prepolarized in a 1 T field and shuttled to the proximity
of the sensor [32]. The experiment was carried out in un-
shielded environment, where the environmental magnetic
noise was preliminarily reduced using an active stabiliza-
tion [33] method and then canceled by measuring differ-
entially on a 5 mm baseline. An automated system per-
mits long-lasting repeated measurements [30], requiring
synchronous control of the shuttling system and video-
camera checks of its performance; the activation and de-
activation of the driving field and field-stabilization sys-
tem; the application of tipping (π/2) pulses; DAQ and
data elaboration.
The dressing factor (Eq.3) is negligible for the precess-
ing protons due to their much lower gyromagnetic factor,
so that in the presence of a static gradient their magne-
tization precesses at a frequency that depends only on
the local static field, as in any frequency-encoded MRI
experiment. The time-domain signal recorded appears
as shown in Fig.4, with and without the static gradient,
respectively.
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Figure 4. NMR signal (power spectrum PS) from 4ml H2O
sample. Plot a) shows the NMR signal in a homogeneous
field with neither G nor BD applied. The trace was obtained
by averaging over 100 shots. Plot b) shows the NMR signal
recorded in the presence of G = 50 nT/cm and BD = 3µT.
The trace is obtained by averaging over 400 shots.
Fig.5 shows the effect of the static and dressing field
inhomogeneities on the spectra of the proton NMR sig-
nal. Plot (a) is obtained in a homogeneous static field
while applying a dressing field. The nuclear signal is in-
sensitive to BD while the dressed Cs atoms have position-
dependent resonance, so that only a small fraction (slice)
is synchronously pumped and effectively contribute to
detect the NMR signal. The resonance recorded has the
same width but a worse S/N compared to that result-
ing for G = 0 and BD = 0 (plot b). The application
of a static field G broadens both the atomic and the
NMR resonances. However, (plot c) the whole atomic
sensor contributes to a broadened NMR signal detection
with a good S/N, thanks to IDEA method restoring the
6atomic resonance linewidth while enabling the registra-
tion of position-dependent NMR.
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Figure 5. Tap-water proton NMR amplitude spectral density
(ASD) of the signals under different gradient conditions. Plot
a) is obtained with G = 0 and BD = 3µT: a narrow NMR is
recorded, with low S/N, because the protons are not affected
by BD, while Cs atoms are, so that only a slice of the sensor is
effectively pumped. Plot b) is obtained from the data shown
in Fig.4 a): G = 0 and BD = 0 produce narrow NMR with
good S/N. Plot c) corresponds to the trace shown in Fig.4 b):
here the static gradient G broadens the NMR spectrum. The
IDEA method allows the same same spectrum to be recorded
with a good S/N.
The NMR signal recorded in the presence of the gra-
dient G can be modeled as:
S(t) = e(−ΓN−iω0)t
∫
∞
−∞
η(x)ρ(x)eiγNGxtdx, (6)
where η(x) represents the detection efficiency determined
by the sample-sensor coupling (see the Appendix for de-
tails about the evaluation of η(x)) and ρ(x) is the proton
density in the sample, and ΓN and γN are the nuclear pre-
cession decay rate and the nuclear gyromagnetic factor,
respectively. Following a standard signal elaboration, af-
ter scaling the data by exp(ΓN t), a Fourier transform
is used to reproduce the shape of η(x)ρ(x). This is the
analysis conducted on the data corresponding to the plots
(b) in Figs.4 and 5 in order to reconstruct the ηρ profile
shown in Fig.6.
VI. CONCLUSION
We have proposed, characterized and tested a method
(IDEA), based on magnetically dressing atomic ground-
states, which enables an atomic magnetometer to operate
in the presence of a strong field gradient while preserv-
ing its sensitivity, thanks to the suppression of gradient-
induced resonance broadening.
We found accordance between the theoretical model
and the resonance behavior observed.
Figure 6. Plots of the measured ρ(x)η(x) (blue), the esti-
mated η(x) (red) and the inferred ρ(x) (black), which can
be compared with the sample shape represented in the up-
per part. The data are the same as shown in the plots b)
of Figs.4 and 5. Some position jitter of the sample occurs
and is detected shot-by-shot by the camera. To limit the con-
sequent image blurring, only traces corresponding to sample
positioning within a ±3 mm interval were selected.
We have provided a preliminary demonstration of the
applicability of the IDEA method in recording unidimen-
sional NMR images of remotely polarized protons in the
ULF regime.
Our findings suggest that the IDEA method consti-
tutes a promising tool in ULF MRI using atomic mag-
netometers. The IDEA method could also be applied
in shielded volumes, and in conjunction with phase-
encoding techniques, making several kinds of optical
magnetometers suitable for use in 3-D MRI apparatuses,
in spite of the large gradients that must be applied to
achieve fine spatial resolution.
Considering the application to MRI, the IDEA method
makes it possible to operate the OAM in spite of the
static field gradient used for the frequency encoding. It
is worth noting that the IDEA method would have no
relevance for phase-encoding pulses that should be ap-
plied –prior to the measurement– in the cases of three-
dimensional MRI: the non persistent nature of those
pulses would make them compatible with the AOM op-
eration.
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Appendix A: Details of MRI geometry and
derivation of coupling factor η(x)
This appendix provides a detailed description of the
geometry of the MRI detection, and the derivation of the
coupling factor η(x) used in order to reconstruct the uni-
dimensional sample shape from the magnetometric data
obtained with the help of the IDEA method.
Figure 7. Arrangement of the sensor and sample. Both have
cylindrical shapes with axes oriented along x. The sensor is
a differential one and gradiometrically measures the ∂Bz/∂z
term of the field generated by the sample. To this aim, the
two halves of the probe beam –represented by the two-colored
cylinder within the cell– are analyzed separately. Each slice
of the sample (characterized by its x co-ordinate) produces
a signal at its specific frequency (MRI frequency encoding).
Each slice of the sensor (x′ co-ordinate) is differently coupled
with various slices of the sample (slices are represented by
dashed boxes). The coupling factor η is evaluated on the
basis of a model in which all the sample slices are modelled
as dipolar field sources, and all the sensor slices contribute
additively to the polarimetric signal.
Fig.7 describes the relative positions of the sample and
sensor. This figure is complementary to Fig.1: here we
highlight the sensor-sample arrangement details and de-
fine the variables used to evaluate η(x).
The static magnetic field is oriented along z and varies
along the x direction, so that nuclei located in different
positions along the axis of the sample precess at different
angular frequencies ωN (frequency encoding).
Let x, y, z be co-ordinates of the sample and x′, y′, z′
co-ordinates of the sensor.
We model the sample as a linear distribution of mag-
netic dipoles along x, m = (mx(t),my(t), 0), with
mx(t) = m0 cos(ωN t) and my(t) = m0 sin(ωN t), where
ωN = ωN (x): the nuclei precess in the plane xy. The
magnetic signal is measured with a differential technique
to cancel the environmental disturbances, and to this end
the probe beam is analyzed in two beamlets that cross
the sensor volume at different z′.
Let’s derive the response of the sensor to a dipolar field
generated by the nuclei at a given x.
The field generated in the position r′ by a magnetic
dipole located in r is notoriously:
B =
µ0
4π
[
3
(m · (r− r′)) (r− r′)
|r− r′|5 −
m
|r− r′|3
]
. (A1)
In the presence of a dominant bias field, B0, due to
the scalar response of our OAM, only the component of
B parallel to B0 generates a detectable (first order re-
sponse) signal, because the local Larmor precession of
atoms occurs at
ω = γ|B| = γ
√
(B0 + B)2 ≈ γB0
[
1 +
(B0 ·B)
B20
]
.
(A2)
In our case the bias field B0 is oriented along z so that
only the component Bz of the nuclear field is effectively
detected.
Thus, in the geometry of our setup (m in the xy plane),
the second term in the squared parenthesis of Eq.A1 does
not contribute to the field measured, and the relevant
quantity for the local effect of a sample slice is
Bz =
3µ0
4π
[m · (r− r′)] (z − z′)
|r− r′|5 . (A3)
Neglecting the dimensions along y and z and defining
∆y = (y − y′), Eq. A3 turns into:
Bz =
3µ0
4π
[mx(x− x′) +my∆y] (z − z′)
[(x − x′)2 +∆y2 + (z − z′)2]5/2 =
= f cos(ωN t) + g sin(ωN t),
(A4)
with (making the dependencies explicit)
f(x′, z′) =
3µ0
4π
m0(x − x′)(z − z′)
[(x − x′)2 +∆y2 + (z − z′)2]5/2
8and
g(x′, z′) =
3µ0
4π
m0∆y(z − z′)
[(x − x′)2 +∆y2 + (z − z′)2]5/2 .
We assume that the response of the sensor is homoge-
neous along x′. The effect of f and g on the probe beam
is obtained by integrating Eq. A4 over the sensor length
L:
S(t) = cos(ωN t)
∫ L/2
−L/2
f(x′, z′)dx′+
+ sin(ωN t)
∫ L/2
−L/2
g(x′, z′)dx′ =
= F (z′) cos(ωN t) +G(z
′) sin(ωN t),
(A5)
with a resulting amplitude S(ωN) =
√
F 2 +G2 from the
sample slice precessing at ωN .
Briefly, the signal amplitude S(ωN ) depends on the
relative positions of the sample and sensor along the y
and z directions, while x is encoded in the ωN and the
x′ dependence is dropped by the integration (Eq. A5).
As mentioned above and described in detail in Ref.[25],
we use an OAM setup in which the environmental mag-
netic disturbances are eliminated by applying a differen-
tial technique. The magnetometric measurement is gra-
diometric, and –as represented in Fig. 7– the two sensors
are displaced along z′. In conclusion, ∆y is a constant,
and the recorded differential signal is proportional to
η = ∂S/∂z′,
which is the ideal response to a sample homogeneously
magnetized along x, and is the coupling factor η(x) used
to reconstruct the uni-dimensional shape of the sample.
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